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ABSTRACT 

It  is  well-known  that  interconnect  issues  pose  a  significant  bottleneck  with  regard  to  improving  the 
performance  of  high-speed  integrated  systems  such  as  a  cluster  of  computer  processing  units.  Power,  speed 
(bandwidth),  and  size  all  affect  the  computational  performance  and  capabilities  of  future  systems.  High¬ 
speed  optical  processing  has  been  looked  to  as  a  means  for  eliminating  this  interconnect  bottleneck. 
Presented  here  are  the  results  of  a  study  for  a  novel  optical  (integrated  photonic)  processor  which  would 
allow  for  a  high-speed,  secure  means  for  arbitrarily  addressing  a  multiprocessor  system.  This  paper  will 
present  analysis,  simulation,  and  optimization  results  for  the  architecture  as  well  as  considerations  for  a 
proof-of-concept  level  system  design.  The  architecture  takes  advantage  of  spatial  and  wavelength  diversity 
and  in  this  regard  may  be  regarded  as  a  Multiple  Input  Multiple  Output  (MIMO)  architecture. 

A  given  node  to  be  addressed,  rather  than  having  a  wired  metal  contact  as  an  output,  has  as  a  radiating  laser 
source  that  has  been  modulated  with  the  data  to  be  conveyed  to  another  point  in  the  system.  Each  processor 
node  radiates  a  different  optical  wavelength.  Each  individual  wavelength  is  chosen,  for  example,  to 
correspond  to  the  wavelengths  associated  with  a  WDM  ITU  grid.  All  wavelengths  are  incident  on  a 
coherent  fiber  bundle  which  acts  as  an  array  receiver.  Unlike  conventional  phased  arrays,  the  receive 
elements  are  spaced  many  wavelengths  apart  giving  rise  to  a  large  number  of  grating  lobes.  It  will  be 
shown  that  by  using  appropriate  photonic/optical  signal  processing  methods  any  node  of  the  processor 
cluster  can  be  randomly  and  rapidly  addressed  using  high-speed  phase  shifters  (electrooptic  or  others)  as 
control  elements.  The  diversity  techniques  employed  achieve  high  gain  and  a  narrow  beamwidth  in  the 
direction  of  the  desired  node  and  high  attenuation  with  regard  to  the  signals  from  all  other  nodes.  As  is 
often  the  case  of  MIMO-bases  systems,  overall  performance  exceeds  that  of  diffraction  limited  array 
processing. 

In  addition  to  the  interconnect  application  discussed,  the  methods  described  in  this  paper  can  also  be 
applied  to  other  applications  where  rapid  electrical  (non-mechanical)  optical  beamsteering  is  required  such 
as  raster  scanned  laser  radar  systems  and  tracking,  guidance,  and  navigation  systems. 


KEYWORDS:  Free-space  optical  interconnects,  Optical  Phased  Arrays,  High-Speed  Optical 
Beamsteering,  Optical  MIMO,  Microwave  Photonics 

1  INTRODUCTION 


1.1  Optical  Phased  Arrays 

The  ability  of  phased  array  antennas  for  beam  steering  application  are  well  known,  and  system  designers 
have  searched  for  ways  to  transition  these  benefits  to  optically-based  systems  [1-3].  Though  many 
similarities  exist  between  optical  and  RF/microwave  beamforming  systems  there  exist  significant 

Enabling  Photonics  Technologies  for  Defense,  Security,  and  Aerospace  Applications  V, 
edited  by  Michael  J.  Hayduk,  Peter  J.  Delfyett  Jr.,  Andrew  R.  Pirich,  Eric  J.  Donkor,  Proc.  of  SPIE  Vol.  7339, 
73390K  ■  ©2009  SPIE  ■  CCC  code:  0277-786X/09/$18  ■  doi:  10.1117/12.822116 

Proc.  of  SPIE  Vol.  7339  73390K-1 
1 


differences  as  well.  RF  phased  array  antennas  can  provide,  in  theory,  a  diffraction  limited  beam  on-target 
with  a  3-dB  beamwidth  on  the  order  of  AJNd ,  where  A  is  the  RF  carrier  center  wavelength,  d  is  the  array 
element  spacing,  and  N  is  the  number  of  radiating  elements.  Through  coherent  addition  of  fields,  the  power 
on-target  is  proportional  to  N2P0  where  P0  is  the  power  radiated  by  each  element.  Further,  and  perhaps  most 
significantly,  the  antenna  pattern  for  a  phased  array  antenna  can  be  steered  (scanned)  electronically  as  well 
as  shaped,  which,  for  the  case  of  a  narrow  RF  bandwidth,  is  accomplished  simply  by  means  of  phase  and 
amplitude  control  of  the  carrier  signal  at  each  radiating  element.  Electronic  scanning  of  the  beam  allows  for 
a  rapidly  reconfigurable  far-field  beampattem  without  physical  motion  of  the  antenna.  These  last  two 
features,  namely  the  directional  gain  and  non-mechanical  beam  pointing,  are  obviously  attractive  for  optical 
beam  steering  systems  as  well. 

These  benefits  of  RF  array  beamforming  techniques  are  mitigated  however  when  one  considers  the 
practical  limitations  imposed  by  a  phased  array  system  operating  at  an  optical  carrier.  Since  the  individual 
lasers  are  generally  not  coherent,  the  power  for  N  lasers  increases  by  a  factor  N  as  compared  to  N 2  for 
coherent  radiators.  More  significantly,  the  lack  of  coherence  among  the  laser  sources  prevents  the  use  of 
array  beamforming  methods  in  the  fullest  sense.  Consequently  non-electronic  steering  of  the  beam, 
mechanical  or  otherwise,  is  still  required.  Even  with  an  array  of  coherent  (phase-locked)  laser  sources, 
coherent  beamforming  is  still  poses  problems.  This  is  because  conventional  beamforming  techniques 
require  that  the  inter-element  array  spacing  be  at  most  equal  to  one-half  the  operational  wavelength  or  d  < 
A/2.  For  practical  systems  with  an  operating  wavelength  on  the  order  of  1  -  2  microns,  such  spacing  is 
impossible.  Indeed,  the  core  diameter  alone  of  a  single-mode  optical  fiber  is  on  the  order  of  several  microns 
and  several  tens  of  microns  for  a  multi-mode  fiber.  Array  element  spacing  on  the  order  of  many 
wavelengths  results  in  the  production  grating  lobes,  where  energy  is  radiated  in  many  directions  and  gives 
rise  to  spatial  ambiguity. 

These  considerations  unfortunately  have  made  conventional  array  beamforming  techniques  effectively 
impractical  for  optical  applications.  The  sought  after  array  advantage  of  increased  power  and  electronic 
steering  capability  applied  to  optical  systems  requires  a  new  paradigm  which  is  introduced  in  the  section  to 
follow. 

1.2  MIMO-Based  Optical  Phased  Arrays 

This  paper  examines  the  use  of  MIMO  techniques  to  achieve  optical  beamsteering.  MIMO  radar  techniques 
have  been  motivated  by  recent  advances  in  communication  theory.  It  has  been  shown  that  unlike  a 
conventional  phased  array  which  transmits  appropriately  weighted,  delayed  (or  phase-shifted)  versions  of 
the  same  signal,  a  MIMO  array  transmits  multiple  signals  that  are,  in  general,  quite  different  from  each 
other.  This  difference,  termed  waveform  diversity,  forms  the  essence  of  MIMO  arrays,  and  enables  superior 
capabilities  compared  with  standard  phased-array  radar  technology  [4-8].  For  example,  for  either  co¬ 
located  or  bi-static  transmit  and  receive  antennas,  MIMO  radar  has  been  shown  to  offer  higher  resolution 
[4]  and  sensitivity  (to  detecting  slowly  moving  targets)  [5],  better  parameter  identifiably  [6],  and  direct 
applicability  of  adaptive  array  techniques  [7,  8].  In  the  field  of  communications  MIMO  approaches  have 
been  shown  to  improve  the  bit  error  rate  in  a  communications  channel  beyond  that  of  the  Nyquist  limit. 
Here  too  will  the  techniques  presented  allow  for  beam  resolution  which  far  exceeds  the  diffraction  limit  of 
the  A-element  aperture. 


2  THEORY  OF  OPERATION 

2.1  General  MIMO  Array  Topology 

Figure  1  illustrates  the  MIMO  concept  in  conceptual  form.  The  M  radiating  sources  transmit  independent 
signals  XQ  ?  •  •  • ,  XM_x .  These  signals  are  detected  by  N  receive  elements  y0 ,  •  •  •  ?  yN_x .  Note  that  a  particular 

receive  element,  say  yn  ,  receives  M  weighted  independent  signals  OCn  0x0 ,  •  •  • ,  OCn  M_xxM_x ,  where  the 
coefficients  (X  account  for  the  propagation  effects  from  transmit  element  m  to  receive  element  n. 
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Figure  1:  Conceptual  illustration  of  a  MIMO-bases  array  architecture.  Assumed  here  is  a  Uniform  Linear  Array 
(ULA)  Topological  architecture  for  an  M-element-transmit  and  TV-element-receive  MIMO  array  with  the 
receiver  assumed  to  be  in  the  far-field  of  the  transmitter. 


Consider  the  case  of  a  uniform  linear  array  (ULA)  for  both  the  transmitter  and  receiver,  as  shown  in  Figure 
1.  The  radiating  elements  are  spaced  by  a  distance  Awhile  the  receiver  elements  are  spaced  by  dR.  It  is 
assumed  that  both  dT  and  dR  are  much  greater  than  the  usual  half-wavelength  spacing.  Examination  of 

Figure  1  shows,  that  with  the  usual  far-field  approximations,  a  signal  (electric  or  magnetic  field)  xm  (7) 

emanating  from  the  m~  radiator  and  upon  reception  at  the  n~  receiver  element  will  be  of  the  form, 

y  (t)  =  a  x  (t  —  T  )  (1) 

y  m,n  V  /  m,n  m  \  m,n  /  V  / 

In  (1),  (Xmn  is  an  attenuation  factor  which  accounts  for  the  loss  due  to  the  scattering  cross-section,  the  r  1 

propagation  loss,  as  well  as  other  losses  such  as  absorption  and  scattering  from  other  obstacles  in  the 
propagation  path.  The  time  delay  term  Tm>n  is  found  from  geometrical  considerations  and  is  given  by, 

Tmn-  —{ R  +  ndR  sin 0o  -mdT  sin#o),  m  —  0, 1, ...,  M  - 1,  n  =  0, 1, ...,  N  —  1  (2) 

c 

where  flo  is  the  refractive  index  of  the  intervening  medium,  here  assumed  constant  and  equal  to  unity,  C  is 
the  speed  of  light  in  air,  and  dT  and  dR  are  the  element  spacing  for  the  transmit  and  receive  arrays, 

respectively.  The  distances  from  the  m  —  0  element  of  the  transmitter  array  to  the  n  —  0  element  of  the 
receive  array  is  designated  as  R  .  It  is  assumed  that  the  receiver  and  transmitting  arrays  are  in  the  other’s 
far-field  for  and  that  R  a  makes  an  angle  0o  with  respect  to  the  normal  of  the  transmit  array  and  receive 
arrays  as  shown. 

Examination  of  Figure  1  and  Equation  (1)  shows  that  the  signal  =  arrives  at 

each  receiver  element  location  as  yn  (^) ,  m  =  0, . . . , M  —  1 ,  with  a  unique  time  delay  specified  by 

Equation  (2).  This  in  turn  suggests  that  there  are  possibly  M  •  N  unique  conditions  that  may  be  used  to 
accurately  estimate  the  position  of  the  array.  It  is  such  a  multiplicative  effect  that  we  wish  to  exploit  in  this 
system. 

2.2  Multi- Wavelength  Diversity  Beamsteering 

The  architecture  of  the  MIMO-based  optical  transmit-receive  employing  wavelength  diversity  is  shown  in 
Figure  2.  The  transmitter  portion  of  the  system  consists  of  M  independent  CW  lasers,  each  operating  a 

slightly  different  wavelength  ,  where 
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(3) 


Clearly  the  M  independent  laser  sources  will  be  mutually  incoherent.  Information  is  transmitted  by 
modulating  the  intensity  of  each  laser  using  an  electrical-to-optical  intensity  modulator  driven  with  the 
desired  information.  We  can  express  the  modulated  laser  signal  transmitted  by  the  m~  radiator  with  its 
complex  representation,  or, 


(0  =  IJm  (0 


(  2  nc 

A  K  t+(Pn 


m 


-1 


(4) 


where  Im  is  the  intensity  of  laser  m  with  wavelength  Am  ,  and  (pm  is  an  (unknown)  phase  associated  with 

the  m~  laser.  Clearly  for  independent  light  sources  the  phase  of  any  one  laser  is  uncorrelated  to  that  of  any 
other  laser.  Since  beamforming  will  be  accomplished  using  time  delay,  not  phase  shift  methods,  the 

bandwidth  of  the  modulating  signals  Xm{t)  will  not  impose  any  limitations  on  the  overall  system 


performance.  It  is  assumed  however  that  xm  (^)  is  slowly- varying  when  viewed  on  an  optical  time  scale. 

Each  laser  is  fiber  coupled  to  one  element  of  a  coherent  fiber  bundle  which  constitutes  the  radiating  array 
of  point  sources.  The  use  of  a  fiber  bundle  means  that  a  potentially  large  number  of  transmitter  elements  are 
possible. 


Figure  2:  Multi- Wavelength  MIMO  beamforming  architecture  using  M  independent,  incoherent  modulated 
continuous  wave  (CW)  laser  sources  of  slightly  differing  wavelengths. 


The  receiver  portion  of  the  array  consists  of  N  optical  fibers,  again  realized  as  a  coherent  fiber  bundle,  with 
the  signal  level  boosted  with  an  optical  amplifier  (OA).  From  Equation  (1)  it  is  seen  that  the  signal  at  the  n~ 
receive  element  includes  all  M  wavelengths,  and  can  be  expressed  as, 


M- 1 


.Inc, 


0jfm 


(5) 


m-0 


In  Equation  (5)  it  is  assumed  that  the  intensity  I m  of  each  laser  is  identical,  namely, 

I m  —  I 0 ,  tn  =  0, . . . ,  M  —  1 ,  and  that  the  scattering/attenuation  coefficient  OCm  n  is  also  identical  for  all 
values  of  m  and  n ,  and  have  been  normalized  to  unity. 


Referring  again  to  Figure  2,  the  received  signal  yn{t )  is  delayed  by  time  TpM  (ft)  using  a  time  delay  unit 
(TD),  perhaps  an  electrooptic  phase  modulator,  with  the  amount  of  delay  controlled  via  the  applied  voltage 
vn  .  The  corresponding  delayed  version  ofy^  (^)  is, 
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r  .  "4  ,  .  ,N  j^{t-Tm,n~TPM(n)) 

y,[t-Tm(n)yY,x.(t-T„,-T™(n))e  e  « 

m=0 

An  important  consideration  for  this  architecture  concerns  the  ability  of  a  commercial  electrooptic  phase 
modulator  to  provide  the  necessary  amount  of  time  delay  needed  to  electronically  steer  the  array  aperture. 
To  address  this  concern,  consider  that  an  A-element  uniform  linear  array  with  element  spacing  d  would 

h  d 

require  a  maximum  time  delay  of  ±  ( N  —  l)  — —  to  steer  the  aperture  by  ±90°  .  But  since  the  element 

c 

spacing  here  is  small  (typically  a  hundred  wavelengths,  with  the  wavelengths  on  the  order  of  a  micron),  a 
simple  calculation  shows  that  the  maximum  time  delay  required  is  on  the  order  of  hundreds  of 
femtoseconds.  Time  delay  on  this  order  is  obtainable,  in  principle,  from  a  commercially  available  device 
such  as  a  Lithium  Niobate  electrooptic  phase  shifter. 

Since  the  modulating  signal  Xm[t^  is  narrowband  when  compared  with  its  optical  carrier,  and  since 
fl 

Tpm  (ft)  «  Tm  n  ~  —  R  ,  the  argument  in  Equation  (6)  is  well-approximated  by 


(*  -  Tm,n  ~  TPM  («))  *  [t  ~  ~ (RR  +  RT  ) )  = 

v  c  y 


and  so  Equation  (6)  may  be  written, 

m= 0 

As  shown  in  Figure  3  the  delayed  signals  yn{t  —  TpM  )  are  summed  (optically)  using  an  equal  path-length 

summer  such  as  a  1  x  N  coupler.  Though  not  shown  explicitly  in  Figure  3,  each  of  the  fibers  (waveguides) 
at  the  summer  inputs  must  have  a  means  of  equalizing  the  path  length.  For  example,  this  can  be 
accomplished  using  a  variable  retro-reflecting  prism  for  a  coarse  delay  adjustment  and  an  additional 
electrooptic  phase  modulator  for  fine  adjustment.  These  delays  are  used  solely  for  path-length  equalization 
and  are  not  used  for  beam  steering.  Ideally  these  delays,  once  set,  would  require  further  adjustment  to  only 
compensate  for  any  long-term  drift.  Making  use  of  Equation  (2)  the  output  of  the  summer  can  be  written  as, 


t-—(R-mdT  sin#0 


•  ^  sin 0o  +tpm  (n)) 

eJ(Pm2^e  Am 


Equation  (9)  suggests  that  we  choose  TPM  (ft )  =  —ft  nodR  sin  6  ,  where  0  represents  the  desired  steer 

angle.  Noting  that  the  second  sum  on  the  right-hand-side  of  (9)  can  be  expressed  in  closed  form,  Equation 
(9)  becomes, 


ys{t)  =  Yjxmcm{dA)e 


t-—(  R-mdT  sin  d0 


where 


cm(e,90)=e 


.N-\27rn0  ,  s 

-j - (sm  0o  -sin  6) 

2  K, 


sin  N — °-dR  (sin#o  -sin#) 

A, 


sin  — —dR  (sin<9o  -sin<9) 


Equation  (11)  clearly  reveals  that  the  beam  characteristics  are  a  function  of  wavelength  ,  a  characteristic 

that  will  be  used  to  great  advantage  in  the  analysis  that  follows.  The  output  of  the  summing  device  is  then 
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directed  to  a  wavelength  demultiplexer  (WDM  in  Figure  3),  realized,  for  example,  using  an  arrayed 
waveguide  grating  device,  which  separates  the  individual  wavelength  components  of  the  summed  signal. 

The  output  of  the  m~  WDM  (corresponding  to  Xm  )  is, 


yWDMm  (t)  =  xmcm{0A)e 


j— cf t_%_^R_m^  s|n  ^ 


4  V 


,J<Pm 


(12) 


where  an  ideal,  unit  amplitude  rectangular  bandpass  transmission  characteristic  for  the  WDM  has  been 
assumed. 


Each  of  the  yWDM  (^),m  =  0?...M  —  1  signals  are  now  detected  using  M  high-speed  photodiodes,  and 
these  detected  electrical  signals  can  be  written  as 

yWDMm{^  ~  Xm\Cm^^o)\  (^) 

The  electrical  detection  process  strips  off  any  optical  phase.  This  eliminates  the  random  phase  term 
associated  with  each  laser  as  well  as  any  phase  associated  with  the  propagation  delay  from  the  transmitter 
to  the  receive  element.  This  in  turn  shows  that  the  WDM  output  is  not  a  function  of  the  transmitter  aray 
spacing.  Equation  (13)  also  shows  that  the  nt~  WDM  output  consists  of  the  m~  modulating  signal  Xm 

weighted  by  the  angular  dependent  factor  \cm  (#,  0o  )| .  This  weighting  function  \cm  (#,  0o  )|  is  simply  the 


array  factor  of  an  A-element  uniform  linear  array  with  element  spacing  dR  .  A  careful  examination  of 
Equation  (9)  reveals  two  important  features  of  the  multi-wavelength  approach;  the  first  is  that  the  main  lobe 
occurs  when  o=eo  for  all  wavelengths  as  expected  for  a  time-steered  array.  The  second  feature  is  that 

A 

since  dR  »  — — ,  many  grating  lobes  will  be  present,  but  unlike  the  main  lobe,  the  angular  location  of  the 


grating  lobes  varies  with  wavelength.  Specifically,  grating  lobes  occur  when 
sin 


^  ^  7Tfl 

— — dR  (sin  60  —  sin  0G  )  =  0  or  when  — —  dR  ( sin  0o  —  sin  0G )  —  p7T  where p  is  an  integer. 

v4  )  K 


Solving  for  the  position  0G  of  the  grating  we  find, 


arcsm 


sin  0o  -  p 


JL 


n0dR  j 


p  =  1,..., 


JL 


n0dR 


(14) 


where 


JL 


n0dR 


is  the  largest  integer  less  than 


A. 


n0dR 


.  This  property  of  an  array  factor,  namely  that  main 


beam  that  is  fixed  in  location  while  grating  lobes  (and  null  locations)  vary  with  wavelength  has  been 
previously  used  to  implement  a  broadband  RF  beamforming  system  with  steerable  broadband  nulls  [10, 

1 1].  As  will  be  subsequently  shown,  this  diversity  in  the  location  of  the  grating  lobes/null  positions  as  a 
function  of  the  wavelength  is  what  allows  for  the  design  of  a  high-resolution  electronically  scanned  array. 


Referring  again  to  Figure  (2),  each  detected  WDM  output  is  now  summed  using  an  equal  path  length 
electrical  summer.  This  gives  the  final  array  output  as, 

M- 1  M- 1  M- 1 

y(0  =  Z  (0  =  2X  k  (O’°o) |  ^  *m,maxZk  (O’°o) |  (15) 

m= 1  m= 1  m= 1 

Where  xm  max  is  the  maximum  amplitude  of  Xm  .  Further  note  that  the  sum  in  (15)  will  add  maximally  only 
for  6  —  0o.  This  is  easily  seen  by  examination  of  Figure  (3),  which  illustrates  the  magnitude  of  Cm  (#) 

for  m  =  0, . . .  ,  9  ,  as  a  function  of  the  parameter  (angle)  0  .  For  clarity  Figure  3  shows  a  “zoomed-in” 
portion  of  the  angular  spectrum  that  includes  the  main  beam  along  with  the  first  grating  lobe.  It  is  seen  how 
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the  main  beam  is  always  scanned  to  the  same  chosen  angle  (20°  in  this  example)  regardless  of  laser 
wavelength,  while  the  grating  lobes  differ  in  location  by  a  slight  amount. 


Scan  Angle#  (degrees) 


Figure  3:  Unit-normalized  weight  coefficient  \cm\  vs.  angular  spectrum  with  the  laser  wavelength  as  a  parameter. 
The  figure  shows  only  the  portion  of  the  angular  spectrum  containing  the  main  beam  and  the  first  grating  lobe. 


3  ANTICIPATED  PERFORMANCE 


3.1  Numerical  Simulation 

To  illustrate  the  expected  performance  of  the  multi-wavelength  MIMO  approach  for  laser  radar 
applications,  a  numerical  simulation  is  provided.  Consider  then  a  system  with  the  following  specifications: 


Table  1:  Multi- Wavelength  MIMO  System  Parameters 

Number  of  Transmit  Lasers 

o 

o 

II 

Number  of  Receive  Fibers 

o 

o 

II 

Minimum  Wavelength 

=1.5  microns 

Frequency  Increment 

Af  =  50  GHz 

Receiver  Fiber  Element  Spacing 

o 

VJ o 

II 

^3 

Steering  Location 

o 

O 

<N 

II 

Figure  4  shows  the  resultant  normalized  array  output  transfer  function  analytically  expressed  by  (15). 
Specifically,  the  plot  on  the  left  in  Figure  4  shows  the  result  for  a  of  steer  angle  of  60  =  20°.  For  the  clarity 
the  plots  on  the  right  in  Figure  4  expands  the  axis  to  show  the  detailed  character  of  the  main  beam  and 
compares  the  result  with  that  for  a  traditional  AxM-element  uniform  linear  array.  All  results  have  been  unit- 
normalized  to  aid  in  the  comparison. 
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Figure  4:  Simulated  response  for  an  ten-element  transmit,  ten-element  receive  MIMO  laser  radar. 
The  plot  on  the  left  shows  the  effective  radiation  pattern  steered  to  an  angle  of  20°.  The  plot  on  the 
top  right  shows  the  sibelobe  lenes  while  the  plot  on  the  lower  right  compares  the  beamwidth  for  the 
20°  MIMO  array  pattern  with  that  of  a  100x1 00-element  Uniform  Linear  Array  (ULA). 

4  CONCLUSIONS 

4.1  Summary 

The  analysis  presented  and  illustrated  by  simulation  shows  that  even  for  arrays  with  element  spacing 
greater  that  the  usual  half-wavelength,  significant  advantages  are  realized.  First,  as  expected,  the  directional 
gain  on-target  is  increased  by  a  factor  of  M  •  TV  while  using  only  M  lasers.  Secondly  it  is  seen  that  the 
beamwidth  that  of  a  M  •  N  -  element  array.  For  a  receiver  element  spacing  exceeding  40Ao,  which,  under 
normal  circumstances  would  produce  many  grating  lobes,  produces  only  one  main  beam.  The  diversity 
approach  utilized  here,  namely  the  use  multiple  laser  wavelengths,  results  in  a  significant  amplitude 
reduction  at  all  angles  except  that  of  the  main  lobe.  Tradeoffs  among  the  various  system  parameters  would 
produce  a  design  that  has  been  optimized  for  a  particular  interconnect  application. 
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